Abstract: Thermally and mechanically enhanced poly(propylene carbonate) (PPC) with networks was prepared by adding a cyclic carboxylic dianhydride, bicyclo(2,2,2)oct-7-ene-2,3,5,6-tetracarboxylic dianhydride (BTCDA), in the CO 2 /propylene oxide (PO) copolymerization. The obtained copolymers were characterized by FT-IR, 1 H NMR, DSC, and TGA. The gel, melt flow rate, hot-set elongation, and tensile properties were also measured. The formation of networks was confirmed by the presence of gel and the shape recovery after the hot-set elongation test. The minimum permanent deformation of the copolymer is 3.8% and that of PPC is 4539% higher than this value. The results show that BTCDA units are inserted into the backbone of PPC, and the PPC chains are connected successfully owing to cyclic multifunctional anhydride groups in BTCDA. With increasing feed molar ratio of BTCDA to PO from 1 to 4%, the yield strength of copolymers increases from 18.1 to 37.4 MPa compared to 12.9 MPa of PPC. The 5% weight-loss degradation temperatures and maximum weight-loss degradation temperatures greatly increase up to 276.4 and 294.7 • C, respectively, which are 58.6 • C and 55.1 • C higher than those of PPC. These enhanced properties originate from the formation of crosslinks by the rigid and bulky multifunctional dianhydride.
Introduction
Poly(propylene carbonate) (PPC) from the CO 2 /propylene oxide (PO) catalyzed copolymerization, as a biodegradable polymer, has been drawing much attention in both academic and industrial fields. It has a wide range of potential applications, such as binders, brazing pastes and solutions, propellants, and diamond cutting tools [1] . In the past decades, great efforts were devoted to develop and commercialize the catalysts [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, PPC still has considerable shortcomings, such as its low decomposition temperature and low glass transition temperature (T g ), that severely limit its thermal stability and practical application as a viable biodegradable plastic [11, 12] . Thus, the reinforcement of PPC is in urgent demand to extend its applications. Crystallization may enhance PPC, but it is difficult to crystallize PPC even though stereogradient PPC has been synthesized [10, 13] , and stretching does
General Copolymerization Procedure
The terpolymerization were carried out in a 100 mL autoclave reactor equipped with a magnetic stirrer. The pre-dried 0.1 g of ZnGA catalyst and a proportion of BTCDA were put into the autoclave and were dried under vacuum at 100 • C for 8 h. Then the autoclave was cooled to under 15 • C and was purged carefully with N 2 and evacuated alternatively three times, followed by injecting 30 mL PO with a syringe. The autoclave reactor was then pressurized to 5.0 MPa via a CO 2 cylinder. The terpolymerization was performed at 60 • C under stirring for 40 h. Afterwards the autoclave was cooled to room temperature and the pressure was released. The hard-lump product was dissolved in a sufficient volume of chloroform containing 5% solution of hydrochloric acid to decompose the catalyst. The organic layer was washed into the neutral reaction and slowly added to excess, while vigorously stirred with ethanol to precipitate the copolymers. Dissolution and precipitation of the copolymers was carried out repeatedly to remove a small quantity of cyclic propylene carbonate and unreacted BTCDA until they gave no 1 H NMR signals. Then, the copolymers were dried at 80 • C under vacuum to a constant weight and the yields were calculated.
PPC was also synthesized in a similar procedure to that of the copolymers, except that no BTCDA was added to the autoclave.
Characterization and Measurements
Fourier transform infrared spectroscopy (FT-IR) measurements were performed on a Thermo Scientific Nicolet 6700 spectrometer (Madison, WI, USA) equipped with an attenuated total reflection (ATR) accessory.
1 H NMR spectra were measured using a Bruker DRX-400 spectrometer (Rheinstetten, Germany) with deuterated chloroform as solvent. The gel contents were measured according to ASTM D2765 using a Soxhlet extractor. A sample was refluxed in boiling chloroform for 24 h. The insoluble portion was dried to a constant weight at 80 • C under vacuum. The gel content was defined as the percentage of the weight of insoluble portion in the sample. The data were recorded as the average value of three parallel determinations.
The thermogravimetric analysis (TGA) measurements were performed on a PerkinElmer simultaneous thermal analyzer (Model STA 6000, Waltham, MA, USA). The samples were tested under nitrogen flow of 40 mL·min −1 from 25 to 400 • C at a heating rate of 20 • C·min −1 .
The differential scanning calorimetry (DSC) measurements were conducted using a Q100 TA instrument (New Castle, DE, USA) under a high purity nitrogen flow over the temperature range from −25 to 200 • C at a heating rate of 10 • C·min −1 . The T g of the sample was taken as the onset of the change in heat capacity as a function of temperature.
The tensile tests were conducted using a CMT 6104 testing machine (MTS industrial systems (China) Co., Shenzhen, China) according to ASTM D638. The cross-head speed was 50 mm·min −1 . The data were recorded as the average value of five parallel determinations. The dumbbell-shaped specimens were prepared by hot-pressing into sheets, followed by cutting using a dumbbell cutter. Prior to measurements, the specimens were conditioned at 23 • C and 50% ± 5% humidity for 24 h.
The melt flow rate (MFR) measurements were carried out using a melt index meter (JQ-400A, Jian Qiao Test Equipment Co., Dongguan, China) according to GB/T 3682-2000. The temperature and the load of the test process were 170 • C and 2.16 kg, respectively. The data were recorded as the average value of four parallel determinations.
The hot-set elongation tests were carried out in an oven. The dumbbell-shaped specimen was loaded under 0.14 MPa and marked as reference length L 0 (L 0 = 20 mm). The loaded specimen was placed in an oven at 60 • C, and the length L 1 between the two markers was measured after 15 min. Then the load was released and the specimen was allowed to relax at 60 • C for 5 min. Afterwards the specimen was taken out of the oven and continued to be cooled to room temperature. The length L 2 was measured. The hot-set elongation and permanent deformation were calculated as (
Results and Discussions

Synthesis
As expected, owing to the multifunctional anhydride groups of BTCDA, a unit of BTCDA linked to four PO/CO 2 copolymer arms forms once BTCDA enters into the reaction upon introducing BTCDA in the PO/CO 2 copolymerization. Random joining of these many units produces connected PPC chains (Scheme 1). The results of yield and gel content measurements indicate that the addition of BTCDA has a considerable influence on increased gel content and an adverse one on decreased yields of copolymers (Table 1) . When BTCDA increased from 0 to 4 mol % of PO, the yields of copolymers decrease modestly, while the gel content of copolymers increases from 0% to 38.2%. The presence of gel indicates that BTCDA is inserted into the backbone of PPC and the PPC chains are connected successfully.
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Thermal Properties
TGA measurements show that the copolymers can enhance the thermal stability significantly. As shown in Figure 1 and Figure S4 , for PPC, the 5% weight-loss degradation temperature (T d,−5% ) is 217.8 • C, and there are two maximum weight-loss degradation temperatures (T d,max s) of 239.6 and 255.4 • C. According to the decomposition mechanism of PPC investigated using thermogravimetric analysis/infrared spectrometry techniques [51] , the above two T d,max s arise from chain scission and unzipping reactions, respectively. The T d,−5% and T d,max of each copolymer is over 270 and 290 • C, respectively. This great improvement in thermostability is attributed to the formation of crosslinks in the PPC matrix through introducing BTCDA into PPC chains, even when the lowest BTCDA feed concentration (1 mol % of PO) was used, because the crosslinks obviously restrict the unzipping reaction. It is seen that both the T d,−5% and T d,max change little with increasing BTCDA feed ( Table 2) . It indicates that the decomposition temperatures of copolymers don't increase indefinitely with increasing BTCDA content. That is, when BTCDA feed contents increase from 0 to 1 mol % of PO, the decomposition temperatures should increase gradually at first or from a certain content and become constant thereafter. It is enough to use a small amount of BTCDA, at least below 1 mol% of PO, to focus on the improvement of thermal stability, although it is significant to study the thermal stability at lower BTCDA feed contents and find the maximum BTCDA feed content when the decomposition temperatures begin to gently increase. But, the combined effect on the tensile properties is that BTCDA content below 1 mol% is not enough to enhance the tensile strength, so the terpolymerization using lower BTCDA feed content was not conducted. On the other hand, the glass transition temperatures (T g s) of PPC and copolymers are in the range of about 25~30 • C and have little difference ( Figure 2 and Table 2 ). It is noteworthy that PPC-4 has another T g of 45.2 besides 30.3 • C. Obviously, the low T g arises from the CO 2 /PO copolymer chains and the high one arises from the chains containing a high content of BTCDA units. TGA measurements show that the copolymers can enhance the thermal stability significantly. As shown in Figures 1 and S4 , for PPC, the 5% weight-loss degradation temperature (Td,−5%) is 217.8 °C, and there are two maximum weight-loss degradation temperatures (Td,maxs) of 239.6 and 255.4 °C. According to the decomposition mechanism of PPC investigated using thermogravimetric analysis/infrared spectrometry techniques [51] , the above two Td,maxs arise from chain scission and unzipping reactions, respectively. The Td,−5% and Td,max of each copolymer is over 270 and 290 °C, respectively. This great improvement in thermostability is attributed to the formation of crosslinks in the PPC matrix through introducing BTCDA into PPC chains, even when the lowest BTCDA feed concentration (1 mol % of PO) was used, because the crosslinks obviously restrict the unzipping reaction. It is seen that both the Td,−5% and Td,max change little with increasing BTCDA feed ( Table 2) . It indicates that the decomposition temperatures of copolymers don't increase indefinitely with increasing BTCDA content. That is, when BTCDA feed contents increase from 0 to 1 mol % of PO, the decomposition temperatures should increase gradually at first or from a certain content and become constant thereafter. It is enough to use a small amount of BTCDA, at least below 1 mol% of PO, to focus on the improvement of thermal stability, although it is significant to study the thermal stability at lower BTCDA feed contents and find the maximum BTCDA feed content when the decomposition temperatures begin to gently increase. But, the combined effect on the tensile properties is that BTCDA content below 1 mol% is not enough to enhance the tensile strength, so the terpolymerization using lower BTCDA feed content was not conducted. On the other hand, the glass transition temperatures (Tgs) of PPC and copolymers are in the range of about 25~30 °C and have little difference ( Figure 2 and Table 2 ). It is noteworthy that PPC-4 has another Tg of 45.2 besides 30.3 °C. Obviously, the low Tg arises from the CO2/PO copolymer chains and the high one arises from the chains containing a high content of BTCDA units. 
Mechanical Properties
The mechanical properties of the copolymers are shown in Table 3 and Figure S5 . The tensile strength of copolymers can be significantly improved by introducing BTCDA. With increasing BTCDA from 1 to 4 mol %, the tensile strength increases from 18.1 to 37.4 MPa, compared to 12.9 MPa of PPC. Accordingly, the increase of BTCDA content reduces the ductility and toughness of the copolymers. Overall, PPC-2 possesses comprehensive performance with a tensile strength of ~30 MPa and an elongation at break of ~98 percent. 
The mechanical properties of the copolymers are shown in Table 3 and Figure S5 . The tensile strength of copolymers can be significantly improved by introducing BTCDA. With increasing BTCDA from 1 to 4 mol %, the tensile strength increases from 18.1 to 37.4 MPa, compared to 12.9 MPa of PPC. Accordingly, the increase of BTCDA content reduces the ductility and toughness of the copolymers. Overall, PPC-2 possesses comprehensive performance with a tensile strength of~30 MPa and an elongation at break of~98 percent. 
Hot-Set Elongation and Permanent Deformation
It is known that PPC shows very poor heat resistance above T g and it will soften while being held in hand. Nevertheless, maintaining the dimensional stability of PPC at above 60-70 • C is crucial for many applications. As shown in Table 4 , the hot-set elongation and permanent deformation of PPC is 337.5% and 176.3%, respectively. With increasing BTCDA, the hot-set elongations reduce sharply to 19%, indicating that the incorporation of BTCDA has a considerable influence on heat resistance. What's more, the permanent deformations greatly reduce from 176.3% to 3.8% ( Figure S6 ). These phenomena also prove that the networks form in the copolymers and these networks enable the copolymers to have stronger resistance to strain and deformation at higher temperatures than PPC. 
Rheological Properties
The rheological performance of polymers is important for optimizing the processing conditions. Therefore, MFR measurements were conducted to study the rheological properties of copolymers. As shown in Figure 3 , the addition of BTCDA has an apparent influence on the MFRs of copolymers. The MFR of PPC is 2.89 g/10 min, and those of the copolymers reduced from 1.77 to 1.19 g/10 min with increasing BTCDA. First, we tried to make dumbbell-shaped copolymer specimens for the tensile tests by using an injection machine, but it was not easy to deal with the depression on the surface of the specimens under injection conditions, whereas PPC is allowed for injection molding easily. However, the crosslinking degree enabled the copolymers to be hot-pressure molded even though the PPC chains are connected by BTCDA. The crosslinked PPC modified by 4,4 -diphenylmethane diisocyanate can also be thermoplastic and be hot-pressed by controlling the degree of crosslinking [52] .
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